ABSTRACT. The melanocortin 1 receptor (MC1R) gene has been described as responsible for the black color in some breeds of sheep, but little is known about its function in many colored breeds, particularly those with a wide range of pigmentation phenotypes. The Brazilian Creole is a local breed of sheep from southern Brazil that has a wide variety of wool colors. We examined the MC1R gene (Extension locus) to search for the e allele and determine its role in controlling wool color variation in this breed. One hundred and twenty-five animals, covering the most common Creole sheep phenotypes (black, brown, dark gray, light gray, and white), were sequenced to detect the mutations p.M73K and p.D121N. Besides these two mutations, three other synonymous sites (429, 600, and 725) were found. The dominant allele (E
INTRODUCTION
Coat color is a conspicuous trait in mammals, particularly in domestic species where it is frequently an important attribute for breed recognition. Coat color has practical applications for fiber production in sheep, goats and other farm animals (Fontanesi et al., 2010) . Overall, variability in this trait is due to the presence, distribution and activity of the melanocytes that produce two types of pigments, eumelanin and pheomelanin, leading to black/brown and red/ yellow colors, respectively (Searle, 1968) .
A large number of genes affecting coat color have been reported in the laboratory mouse (Mus), a model species for pigmentation studies (Bennett and Lamoreux, 2003) . In particular, two loci (Agouti and Extension) play a major role in determining coat color, by control and regulation of the relative amounts of eumelanin and pheomelanin in skin and hair (Searle, 1968) . The Agouti locus encodes the agouti signaling protein (ASIP; Bultman et al., 1992) , a small paracrine signaling molecule that interacts with the product of the Extension locus. This locus encodes for the melanocortin-1 receptor (MC1R), a seven-transmembrane domain G-protein involved in the control of the switch from pheomelanin to eumelanin synthesis in melanocytes. Molecular variants of MC1R have been associated with variation in pigmentation in many domesticated mammals, including mice (Robbins et al., 1993) , cattle (Klungland et al., 1995; Rouzaud et al., 2000) , horses (Marklund et al., 1996) , goats (Fontanesi et al., 2009) , rabbits (Fontanesi et al., 2006) , pigs (Kijas et al., 1998 (Kijas et al., , 2001 , and sheep (Våge et al., 2003; Calvo et al., 2006; Royo et al., 2008; Fontanesi et al., 2010) . Recently, however, Gonçalves et al. (2012) questioned the importance of this gene in determining the striking coat color variation existing in a rodent lineage.
Particularly in sheep, previous studies have identified two alleles at the Extension locus: the dominant black (E D ) that accounts for the black pigmentation of colored breeds; and the wild type (E + ) that is widely distributed in most breeds, in which segregation coupled with Agouti underlies most color variation (Searle, 1968; Sponenberg, 1997) . In contrast to mice, the recessive e allele of the Extension locus has not yet been clearly documented in sheep (Fontanesi et al., 2010) . However, its role in determining the black and white phenotypes in this domestic species has received much attention in the last 10 years. Våge et al. (1999) investigated the MC1R and described two specific mutations (p.M73K and p.D121N) that constitutively activate the dominant allele, characterized as the dominant black extension (E D ), in the Norwegian Dala breed, resulting in black phenotypes. In addition, Norris and Whan (2008) recently characterized the ASIP gene and identified a 190-kb tandem duplication underlying the white coat color of dominant white and tan allele (A Wt ). Also, a 5-base pair (bp) deletion in the exon 2, and an amino acid replacement in the exon 4, as well as a regulatory mutation, were associated with the black recessive non-agouti (A a ) allele (Gratten et al., 2010; Norris and Whan, 2008; Royo et al., 2008) . The occurrence of both alleles A a (ASIP) and E D (MC1R) has been proposed for breeds with black phenotypes (Roberts and White, 1930) , and was particu-larly demonstrated in the Masesse sheep breed (Fontanesi et al., 2011) .
However, in a few colored breeds of sheep, e.g., Aragonesa, Salz, Norwegian Pelt, Nanping black-boned, Romney Marsh black-boned, and Xalda, the dominant E D MCIR allele that accounts for the black phenotype has not been found (Våge et al., 2003; Royo et al., 2008; Deng et al., 2009) . Furthermore, its presence has not been investigated in various breeds, in which a wide range of wool colors can be found in addition to the extreme black and white phenotypes, for example, the Creole. This native breed of sheep is officially recognized in Brazil, having descended from the first animals brought to South America by European colonists in the 17th century (Henkes et al., 1993; Vaz, 2000) . They were introduced by the Jesuits into Rio Grande do Sul, the southernmost state of Brazil, where they have been reared continuously for four centuries. The extant flocks show a remarkable variety of wool colors ranging from black to white, including several intermediate hues of gray and brown (Gonçalves et al., 2010; Moreira GRP, unpublished results) . Despite this conspicuous diversity, there is no information about the inheritance of these colors and the genetic mechanisms involved in the regulation of their wool pigmentation. Therefore, in this study, we characterized the MC1R coding region in different pigmentation phenotypes of the Creole sheep, to investigate the presence of the Extension allele. We also infer the putative role of other substitutions in this gene controlling the wool color in this phenotypically diverse breed.
MATERIAL AND METHODS

Animals and samples
A total of 125 blood samples were collected from adults of five purebred flocks belonging to members of the Brazilian Association of Creole Sheep Breeders (ABCOC) and that are under the genealogical control of ARCO (National Association of Brazilian Sheep Breeders): Buriti (N = 45), Esmeralda (N = 11), Harmonia (N = 9), Santa Fé (N = 55), and Sobrado Branco (N = 5). The wool color was evaluated on digital images taken from a dorsal view with a Sony ® Cyber-shot DSC-H10 camera, and classified by using a RGB color table (Walsh KJ, 2007 . Copy at http://web.njit.edu/~walsh/rgb.html). The specimens analyzed covered the five main color phenotypes described in the Creole sheep: black (from black to gray 10), brown (from tan 02 to tan 04), dark gray (from gray 40 to gray 60), light gray (from gray 70 to gray 80), and white ( Figure 1 ). For statistical purposes, these were categorized into two classes: Colored and White. Colored individuals were subdivided into two classes: Black and Nonblack, the latter being further subdivided into Brown, Dark gray, and Light gray.
DNA extraction and sequencing
Genomic DNA was isolated according to procedures described by Miller et al. (1988) . The entire coding region (954 bp) and a small portion of flanking regions of MC1R were sequenced in 74 individuals, including all color phenotypes, to confirm the presence of the SNPs and to investigate other substitutions potentially involved in color diversity and variation in MC1R non-transcript regions. Primers for MC1R amplification and sequencing (Table 1) were obtained from Våge et al. (1999) . PCR was performed using a PT-100 thermal cycler (MJ Research, USA) in a volume of 20 µL containing 10-100 ng DNA template, 1 U Taq DNA poly-merase (Invitrogen), 1X PCR buffer, 2.5 mM dNTPs, 10 pmol of each primer and optimized MgCl 2 concentration (from 1.0 to 2.0 mM). The PCR profile was as follows: 5 min at 95°C; 35 amplification cycles of 30 s at 95°C, 30 s at the appropriate annealing temperature (Table  1) , 30 s at 72°C, and 5 min at 72°C. For sequencing of the MC1R fragments, 3-5 µL PCR product were treated with 2 µL ExoSAP (USB Corporation, USA) following the manufacturer protocol. Cycle sequencing of the PCR products was carried out with the Big Dye v3.1 kit (Applied Biosystems, USA). Sequencing reactions were loaded on an ABI3730XL sequencer (Applied Biosystems) after cleaning steps performed with 73.5 µL 70% ethanol, and 1.5 µL 50 mM MgCl 2 . All sequences were visually inspected, edited, assembled, and aligned using the CodonCode Aligner software. Nomenclature of the single nucleotide polymorphisms (SNPs) detected was obtained following the Nomenclature for the description of sequence variation (Copy at http://www.hgvs.org/mutnomen/). Sequences were deposited in the GenBank database under the accession Nos. JF279452-JF279466. 
Genotyping
We genotyped two non-synonymous mutations by PCR-RFLP: c.218T >A, p.M73K; and c.361G >A, p.D121N, which cause the E D allele, in all samples of Creole sheep. PCR amplification was carried out with primer pairs used for sequencing parts of the MC1R gene (Table 1 ). The amplification reaction was composed of 1.5 mM MgCl 2 , 200 μM of each dNTP, 0.2 μM of each primer, 50-80 ng genomic DNA, and 0.5 U Taq DNA polymerase in a final volume of 25 μL. The thermal cycling conditions were 94°C for 3 min and 35 cycles of 94°C for 1 min, annealing temperature between 59° and 65°C (Table 1) for 1 min, and 72°C for 1 min, with a final extension step of 72°C for 5 min. The PCR product of primers E3F/E6R and E3F/E8R (5 µL) was digested in a 20 μL reaction volume with 1X reaction buffer and 5 U of the enzymes NlaIII and MseI, respectively. These products were electrophoresed in 10% polyacryamide:bisacrylamide 29:1 1X TBE gels. DNA fragments were visualized by ethidium bromide gel staining. Allele c.218A was characterized by four DNA fragments (145 + 90 + 48 + 27 bp), whereas allele c.218T consisted of five DNA fragments (118 + 90 + 48 + 27 +17 bp). The analysis of the c.361G >A mutation was obtained by digesting a 366-bp amplified MC1R gene region, and the resulting pattern was characterized by one fragment of 754 bp (allele c.361G) or two fragments of 496 + 258 bp (allele c.361A). Table 1 . Primer pairs used for PCR-RFLP of the SNPs and sequencing of the MC1R gene (Våge et al., 1999) , using the Bos taurus (NM174108) sequence as reference. F = forward primer; R = reverse primer; Tm = annealing temperature.
Data analysis
Sequencing results were used to generate haplotypes including the previously identified SNPs within the sheep MC1R gene, inferred using the software DnaSP v5 (Librado and Rozas, 2009 ). We calculated overall haplotype and nucleotide diversity, as well as the haplotype frequency in each phenotype. Hardy-Weinberg equilibrium for allele frequencies was examined by the chi-square test using the MAXLIK program (Reed and Schull, 1968) . The associations between allele frequencies/genotypes and wool color were also evaluated by chisquare tests (alpha = 0.05), using the SPSS ® v10.0.5 software.
RESULTS
MC1R sequence characterization
The sequencing of 1045 bp of the MC1R gene (including the entire coding region of 954 bp, 35 bp of the 5ꞌ-UTR, and 58 bp of the 3ꞌ-UTR) in Creole sheep with different wool colors revealed 5 SNPs, including the e allele previously observed in the ovine Extension locus (Figure 2) . Most of the colored phenotypes showed the c.218T >A and the c.361G >A substitutions, causing the p.M73K and the p.D121N amino acid changes of the E D allele. However, the white individuals showed only the wild type allele (E + ) (Figure 3) . The other three polymorphisms (c.429C > T; c.600T >G; c.735C > T) were synonymous substitutions. These three SNPs and the two non-synonymous mutations of the E D allele identified resulted in seven haplotypes (Table 2) . Haplotype 1 (H1) represents the wild type MC1R sequence, and was observed in white and black phenotypes. Haplotype 2 (H2) differs from H1 in the presence of the c.218A, c.361A and c.429C alleles, and occurred in brown and black individuals. Haplotype 3 (H3) differs by 4 polymorphic sites (c.218, c.361, c.429, and c.600) from H2 and was observed in brown and light-gray phenotypes. Haplotype 4 (H4) differs from H3 by the two nonsynonymous substitutions of the E D allele and the three synonymous sites, and was present in all except white individuals, representing the mutant haplotype. Haplotype 5 (H5) differs from the H3 only by the polymorphism G at site c.429, and occurred only in brown phenotypes. Haplotype 6 (H6) differs from the H2 only by three nucleotide sites (218, 361, and 735), and was found in only black individuals. Finally, haplotype 7 (H7) differs from most others in at least two sites, which were in heterozygosis, and was present only in the dark-gray phenotype. The haplotype diversity was 0.85 ± 0.05 (= mean ± standard error) and the nucleotide diversity 0.002. No difference was found in the small segments of the 5ꞌ-and 3ꞌ-UTR regions sequenced. Figure 3B ).
DISCUSSION
Previous studies identified two alleles at the Extension locus in sheep: E D and E + (Searle, 1968; Sponenberg, 1997) . Allele E D , which was subsequently characterized at the molecular level (Våge et al., 1999) , is directly involved in sheep pigmentation (Lundie, 2004) . Our data indicated that this allele is also clearly responsible for the wool color variation in Creole sheep, particularly determining the black phenotypes. The results for genotype frequency support this influence of the MC1R; all white individuals were homozygous for E + and only colored ones showed the dominant allele E D , suggesting that this inhibits the expression of the white phenotype. A few colored individuals did not show the E D allele, and other nonsynonymous mutations were not found in MC1R. Together, these results indicate that other genes must be involved in the control of coat color in this breed. We found five SNPs and seven haplotypes in the MC1R sequence for the Creole sheep. All these SNPs have been identified in other breeds (Table 3) . Mostly, they have been demonstrated in European and Asian breeds, with relatively narrow variation in wool color. This is the first study of these SNPs in a South American native breed of sheep with wide variation in fleece color. Our identification of different polymorphic sites, with high haplotype and nucleotide diversity in a native breed, increases our knowledge of variation in the ovine MC1R loci. The Creole sheep originated from the flocks brought to South America in the 17th century (Henkes et al., 1993; Vaz, 2000) and, unlike other breeds, has not been selected for a specific color. The diversity of colors observed in this breed could be the result of the action of different genes involved in the synthesis and/or transport of melanin, such as ASIP, TYRP and OCT, which remains to be tested. The differences observed here between white and colored E + homozygous individuals could be due to the presence of the dominant white ASIP allele (A Wt ) in the white individuals, whereas the colored sheep were homozygous for a recessive ASIP allele (either A a or other ASIP alleles), which should be further explored. The MC1R and ASIP genes show epistatic interactions. The MC1R dominant allele E D usually inhibits the expression of ASIP alleles. Thus, only in the E + homozygous individuals will the expression of the different ASIP alleles be observed (Voisey and van Daal, 2002) .
Two main varieties, Frontier and Highlander, have been recognized for the Creole sheep. Conspicuous morphological traits, in addition to pigmentation, differentiate these varieties. The body size of the Highlander is larger, and it is covered with black, shorter fleece (Vaz, 2000) . The Frontier is smaller and shows a wide range of pigmentation phenotypes (light and dark gray, brown and white), as well as longer fleece. Gonçalves et al. (2010) demonstrated, based on microsatellites and mitochondrial markers, that these varieties are genetically different, and suggested that the black color may have been fixed in the Highlander type. Another particular aspect in Creole sheep coloration is the continuous variation in the coloration pattern, including several hues of gray and pale phenotypes found in the Frontier variety. In cattle, several breeds carrying the e allele show a wide range of redness/paleness (from brown to white) (Klungland et al., 1995; Rouzaud et al., 2000; Maudet and Taberlet, 2002; Russo et al., 2007) . The A Wt allele has been suggested to determine, at least in part, the white pheomelanic coat color (Sponenberg, 1997) . The molecular basis of the A Wt allele has recently been determined by Norris and Whan (2008) , who identified a copy number variation affecting the ASIP, AHCY, and ITCH genes. However, it seems evident that other loci (e.g., KIT) are involved in determining white coat color in sheep (Renieri et al., 2008) .
Our findings are also important from a conservation-genetics perspective, because of two major aspects of current management practices of Creole sheep varieties. First, crossbreeding between the Frontier and Highlander types is a common ongoing practice. By this crossbreeding, farmers intend to concomitantly increase the body and fleece sizes of their sheep. In other words, they expect to combine in a single flock the larger body size of the Highlander and the larger fleece size of the Frontier, thus enhancing both meat and wool production. We demonstrated that the black color is strongly influenced by the MC1R dominant allele. Thus, by using rams of this type in a Frontier flock, most offspring will likely be black and probably larger, reducing the frequency of white sheep, traditionally related to the Frontier phenotype in the Creole breed. As a consequence, we predict that the characteristics of the Frontier, whose flocks are naturally smaller in number (Vaz, 2000) and less genetically diverse (Gonçalves et al., 2010) , may be progressively absorbed by crossbreeding.
In summary, our data demonstrated the influence of the MC1R gene in controlling wool coloration in Creole sheep, particularly related to the black phenotype, and that at least a second locus is involved in producing the white phenotype segregation in this breed. Together, these results have a direct relationship to conservation efforts to preserve their diversity in color. We emphasize that the remarkable diversity in wool colors among Creole sheep highlights the necessity to preserve this livestock resource as it currently exists, by maintaining the random breeding that has been acting on this native breed for the last 400 years.
